Cover crops are important components of cropping systems due to their role in improving soil quality. Lack of adequate levels of soil micronutrients prevents the success of cover crops in highly weathered tropical soils. A greenhouse experiment was conducted with the objective to evaluate copper use efficiency of nine tropical legume cover crops. The copper levels used were 0, 5, 10 and 20 mg Cu kg −1 of soil. Shoot dry weight, maximum root length and root dry weight significantly increased in a quadratic fashion with increasing soil Cu levels in the range of 0 to 20 mg kg −1 soil. Cu x cover crops interactions for shoot dry weight, root dry weight, maximum root length and contribution of root to the total dry weight were significant, indicating different responses of cover crops with the variation in soil Cu levels. Overall, maximum shoot dry weight was obtained with the application of 13 mg Cu kg −1 . Similarly, maximum root dry weight and maximum root length were obtained with the application of 12 and 14 mg Cu kg −1 of soil. Root dry weight and maximum root length were significantly and positively related to shoot dry weight, indicating that a vigorous root system is important for improving productivity of cover crops grown on Brazilian Oxisols, especially where deficiency of micronutrients such as Cu exists. The Cu concentration in the plant tissue decreased in a quadratic fashion whereas, Cu uptake increased with increasing Cu application rate from 0 to 20 mg kg −1 soil. There was a significant variation observed in Cu use efficiency among cover crop species. Increasing applied Cu levels significantly increased soil pH and Mehlich 1 extractable soil Cu, Zn, Mn and Fe concentrations in the soil solution.
Introduction
Cover crops in tropical highly weathered acidic infertile soils are important components of cropping systems due to their role in improving soil physical, chemical and biological soil quality parameters [1] . In addition to improving soil quality, cover crops also control diseases, insects and weeds and control soil erosion [2] . Cover crops absorb NO 3 -N when planted before main crop and thereby reducing leaching of nitrogen from the soil-plant system. In tropical regions plantation crops are planted with wide spacing and often situated on erodible and steep slope land. Quick growing cover crops before or during early stages of plantation establishment and during rehabilitation stages of older plantations could increase the soil vegetative cover thereby reducing the impact of rain drops that leads to soil erosion and nutrient losses as well as suppressing of weeds [2] . Cover crops can be legumes and non-legumes. However, legumes are superior cover crops compared with non-leguminous crops because they fix atmospheric nitrogen. Considerable variation in N fixation can occur, even among legume species [2] . A cover crop that is agronomically attractive and economically viable should have some important characteristics. These properties are fast growing for easy adjustment in the cropping system, to produce sufficient dry matter residues to ameliorate soil physical, chemical and biological properties, to fix adequate N and require minimum cultural practices during growth period to be relatively more economical.
Micronutrient deficiencies, including copper, have been reported in Brazilian Oxisols [3] [4] . Nearly 70% to 80% of Cerrado Oxsols are deficient in Zn, Cu, or Mn [5] . Micronutrient deficiencies in crop plants are widespread because of 1) increased micronutrient demands from intensive cropping practices and adaptation of high yielding cultivars which may have higher micronutrient demand; 2) enhanced production of crops on marginal soils that contain low levels of essential nutrients; 3) increased use of high analysis fertilizers with low amounts of micronutrients; 4) decreased use of animal manures, composts, and crop residues; 5) use of many soils that are inherently low in micronutrient reserves; and 6) involvement of natural and anthropogenic factors that limit adequate supplies and create element imbalances [6] . Fageria and Baligar [7] reported that cereals and legumes grown on Oxisols responded significantly to macro and micronutrients fertilization. A paucity of data exits for response of cover crops to micronutrient fertilization in acidic soils such as Oxisol. The objectives of this study were to 1) determine cover crops responses to copper fertilization; 2) evaluate applied Cu on concentrations, uptake and use efficiency of Cu in cover crops; and 3) evaluate the soil applied Cu on soil pH and Mehlich 1 extractable Cu, Zn, Fe and Mn.
Materials and Methods
A greenhouse experiment was conducted to determine copper requirements of nine tropical legume crops. The soil used in the experiment was an Oxisol whose chemical and physical properties were: pH 5.0, Ca 0.8 cmolc kg . Soil textural analysis was clay 260 g kg . Soil analysis methods used in this study are described in a soil analysis manual published by EMBRAPA [8] .
Cover crops used are listed in Table 1 . Copper levels used were 0, 5, 10 and 20 mg kg −1 of soil. The Cu was applied as copper sulfate (24% Cu). Basic fertilizer rates used were N 200 mg kg . Nitrogen was applied with urea, P with triple superphosphate and K with potassium chloride. One g dolomitic lime was also applied six weeks before sowing the seeds of cover crops. Lime and nutrients were thoroughly mixed with soil and soils were incubated at field capacity for 4 weeks, air dried and thoroughly mixed before planting the cover crops. Experiment was conducted in plastic pots with 7 kg soil in each pot. Experimental design was randomized block arranged in a split plot. Copper levels were in the main plots and cover crops in the sub-plots. After germination, four plants were maintained in each pot. Plants were harvested 50 days after sowing. After harvesting the shoots, roots were removed from the soil manually and washed in water and distilled water several times. Maximum root length was measured. Plant materials were dried in a forced draft oven at 70°C to a constant weight and dry weights were recorded. The contribution of roots in the total plant weight was calculated using the following equation:
( )
Root dry weight Contribution of root in total plant % 100 Root plus shoot dry weight = × wt.
where root and shoot dry weight was in g plant −1
. Table 1 . Common and scientific names of nine legume cover crop species used in the experiment. Plant shoot materials were ground and analyzed for copper according to the methodology of Silva [9] . Copper use efficiency was calculated using the following equation: The quadratic function assumes that cover crop shoot dry weight, root dry weight and maximum root length will increase at a decreasing rate as the Cu application rate increases until the maximum yield is achieved at a determined Cu rate
Results and Discussion

Shoot Dry Weight
Shoot dry weight of nine cover crop species was significantly affected by soil applied Cu rates and cover crop species and their interactions ( . At all soil Cu levels Jack bean recorded the highest shoot wt and Pueraria recorded the lowest shoot wt. Overall, cover crop species responded significantly in a quadratic fashion with the increasing Cu rate in the range of 0 to 20 mg kg
Y 2.07 0.16X 0.0064X , R 0.68 = + − = * * . Based on quadratic regression equation, maximum shoot dry weight was obtained with the application of 13 mg Cu kg −1 of soil. Growth of these two cover crops species increased with the addition of Cu fertilization compared with control treatment. Significant variation in shoot dry weight among tropical legume cover crop species grown on Brazilian Oxisol has been reported by Fageria et al. [10] . Similarly, response to Cu fertilization by legume crops grown in acidic Cerrado soils has been reported by Fageria [11] and Fageria [12] . Lucas and Knezek [13] reported that for responsive crops the Cu concentration should exceed 4 to 6 mg kg −1 for mineral soils and 20 to 30 mg kg −1 for organic soils.
Root Dry Weight
Root dry weight was significantly affected by Cu treatment, cover crop species and their interactions ( Table 3) . A significant Cu X cover crop species interaction indicates that the nine cover crops reacted differently to changes in soil applied Cu levels. Root dry weight varied from 0.14 g plant −1 to 1.46 g plant −1 at 0 mg Cu kg . Across all four soils applied Cu levels, root dry weight varied from 0.21 to 1.57 g plant . At all soil Cu levels smooth crotalaria recorded the lowest and black velvet bean recorded the highest root dry weight, indicating that black velvet bean is good type of cover crop to increase soil organic matter. Overall, root dry weight decreased when soil applied Cu level was raised more than 10 mg kg −1 . The average regression equation showing the relationship between root dry weight and soil Cu levels was Y = 0.67 + 0.028X -0.0012X 2 , R 2 = 0.52*. This means that 52% of variability in root dry weight was due to Cu fertilization. Based on the regression equation maximum root dry weight was achieved with the application of 12 mg Cu kg −1 soil. Improvement in root growth with the application of Cu in legume crops grown on Brazilian Oxisols has been reported by Fageria [14] and Fageria [15] . The decrease in root growth at higher Cu levels may be related to additional Cu cannot be efficiency assimilated due to lack of or inability to manufacture carbohydrates.
Maximum Root Length
Maximum root length of the nine crop species was significantly affected by soil copper levels, cover crop species and their interactions ( Table 4) . The significant interaction between soil Cu levels X cover crop species indicates that maximum root length of cover crop species varied with the change in Cu levels in the soil. Across four Cu levels, maximum root length varied from 18 cm produced by smooth crotalaria to 33.16 cm produced by Bengal bean, with an average value of 24.28 cm. Overall, application of Cu increased maximum root length in a Significant at the 1% probability level. Means followed by the same letter in the same column are not significant at the 5% probability level by the Tukeys test. Values of averages are compared in the same line.
crop species was achieved with the application of 14 mg Cu kg −1 soil. Improvement in the root length of legume crops with the application of Cu in the Brazilian Oxisols has been reported by Fageria [15] . Maximum root length had a significant exponential quadratic relationship with shoot dry weight 
Contribution of Root in the Total Plant Weight
Contribution of root in the total plant weight was significantly affected by soil copper levels, cover crop species and their interactions ( Table 5 ). Significant interaction of Cu X crop species indicates that cover crops contributed differently in total plant weight under various Cu rates. Across four Cu levels, contribution of roots in the total plant weight varied from 13.03 to 41.41%, with an average value of 25.19%. The distribution of photosynthetic products in the roots and shoots is determined genetically, but also varies with environmental conditions [17] - [19] . Similar contribution of cover crop roots in the total plant weight was reported by Fageria and Moreira [16] .
Concentration, Uptake and Use Efficiency of Copper
Concentration (content per unit dry weight) of copper was significantly affected by soil applied copper rates, cover crop species and their interactions ( Table 6 ). The significant interaction between soil copper X cover species indicates that Cu concentration in the crop species varied with the change by soil applied Cu rates. Across four soil applied Cu rates, the copper concentration in the shoots of cover crop species varied from 2.24 mg kg Uptake (concentration x dry weight) of copper was also significantly influenced by soil applied Cu rates, cover crops and their interactions ( Table 7) . Jack bean recorded maximum Cu uptake and tropical kudzu absorbed minimum amount of Cu. This trend (maximum and minimum) was related to shoot dry weight of these two cover crop species. Hence, a cover crop which produces higher dry weight will absorb a larger amount of nutrient from the soil and will also add more nutrients back to the soil if incorporated or left on the soil surface compared to cover crop species which produce lower dry weights. Variation in dry weight and nutrient accumulation among cover crop species is widely reported [19] [20] .
Copper use efficiency (units of dry weight produced per unit of Cu uptake) was significantly affected by cover crop species ( Table 8) . Baligar et al. [21] have reported interspecific variation in micronutrient use efficiency in several tropical legumes. Copper use efficiency varied from 142.08 mg per µg Cu uptake in tropical kudzu to 484.06 mg per µg Cu uptake in jack bean, with an average value of 272.11 mg per µg Cu uptake. The lower value of Cu use efficiency in tropical kudzu and higher Cu use efficiency in jack bean was related to dry weight of shoots. In the case of tropical kudzu, shoot dry weight was lower and the Cu uptake value was lower so the Cu use efficiency was lower. Jack bean was the opposite case. Cover crop species having high Cu use efficiency might produce higher yield when grown on Cu deficient tropical soils.
Soil pH and Mehlich 1 Extractable Soil Copper, Zinc, Iron and Manganese
Soil pH was significantly affected by copper fertilization, cover crop species and their interaction ( Table 9) . Across four soil applied Cu levels, soil pH varied from 5.79 to 6.42 depending on cover crop species. Cover crop species calopogonia had the lowest pH at harvest while crop species jack bean had the highest soil pH. The difference in soil pH among crop species may be related to the difference in uptake of cations and anions. Tang and Rengel [22] reported that unbalanced uptake of cations and anions by plants tend to cause in pH changes in the rhizosphere as well as charge imbalance in the plant. Excess cation uptake by the root is associated with a pH decrease due to release of H+ ions in the rhizosphere and excess uptake of anions results in pH increase due to release of OH-ions [22] . Copper fertilization also increases soil pH significantly. Overall, the increase in pH with the addition of Cu was quadratic in fashion ( ) 2 2 Y 5.83 5.30X 0.0019X , R 0.90 = + − = * * . This increase in soil pH may be related to excess uptake of sulfate (the copper source was copper sulfate) ions by the plants which resulted in release of OH-ions in the rhizosphere. Soil extractable copper was significantly affected by applied Cu rates ( Table 10 ). The increase in Mehlich 1 extractable soil Cu was linear ) and this may be related to lime addition. Barber [23] reported that liming materials contain Cu in the range of 0.3 to 89 g kg −1 , with an average value of 2.7 g kg −1
. Overall, maximum growth of shoot and root was achieved with the Mehlich 1 extractable soil copper of 16 and 14 mg kg −1 soil, respectively (Table 11) . Similarly, maximum root length (MRL) was obtained with the Significant at the 1% probability level. Means followed by the same letter in the same column are not significant at the 5% probability level by the Tukey's test. Values of averages are compared in the same line. 28.62 **, NS Significant at the 1% probability level and not significant, respectively. Means followed by the same letter in the same column are not significant at the 5% probability level by the Tukeys test.
Mehlich 1 extractable soil Cu of 17 mg kg −1 soil. Variation in shoot and root growth due to extractable soil Cu was in the order of maximum root length > root dry weight > shoot dry weight (Table 11) . Hence, root growth was more sensitive to copper deficiency compared to shoot growth. Improvement in root growth of legumes with the addition of Cu has been reported by Fageria [15] . Mehlich 1 extractable soil Zn, Mn and Fe were significantly affected by Cu and cover crop species treatments, except Zn which was not affected by cover crop species (Tables 12-14) . The Mehlich 1 extractable Zn, Mn and Fe were significantly affected by soil ap- Significant at the 1% probability level. Means followed by the same letter in the same column are not significant at the 5% probability level by the Tukeys test. Values of Cu levels are compared separately in the same column. plied Cu X cover crops interactions. Hence, it can be concluded that uptake of these elements by cover crops varied with the change in Cu concentration in the growth medium. Mehlich 1 extractable soil Zn, Mn and Fe increased with the addition of copper fertilizer ( Table 15 ). The increase in Zn was linear when Cu was added in the range of 0 to 20 mg kg −1 . However, the increase in Mn and Fe was quadratic in the same range of Cu addition. The increase in Zn, Mn and Fe in the soil solution may be related to replacement of these cations on soil colloids by copper ions and resulted in their increased concentration in the soil solution. It has been reported by Mengel et al. [24] and Brady and Weil [25] that Cu on soil colloids was held (adsorbed) more strongly compared to Zn, Mn and Fe.
Conclusion
Cover crops are important components of cropping systems to reduce leaching loss of nutrients and improve soil fertility thereby reducing the further degradation of the soils. Improvement in growth and development of cover crop species is an important strategy in accumulation of large amounts of nutrients in cover crops biomass and the succeeding crops of economic value, once cover crop residues are incorporated in the soil. Copper fertilization improved shoot and root growth of tropical legume cover crop species. Hence, the use of adequate amounts of copper is one of the strategies to improve growth of tropical legume cover crops grown on tropical Oxisols. However, improvement in these plant growth parameters varied with crop species. Some species produced significantly higher shoot and root growth compared to other species. This means selecting cover crops for copper use efficiency is an important strategy in improving soil fertility of these acidic infertile soils.
